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So far, the Standard Model of particle physics (SM) describes the phenomenology observed in high 
energy physics. In the Large Hadron Collider (LHC) is expected to find the Higgs boson, which is 
an essential part of SM; also expects to see new particles or deviations from the SM, which would 
be evidence of other truly fundamental theory. Consequently, a clear understanding of the SM and, 
in general, quantum field theory is of great importance for particle physics, however, students face 
a formalism and a set of concepts with which they are unfamiliar. This paper shows how to make 
an approach to SM to introduce students to the formalism and some fundamental concepts. 
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I. INTRODUCTION 

A problematic situation with the introduction in the 
study of the Standard Model of Particle Physics (SM), 
which constitutes the main motivation of this article, is 
the fact that usually the process of formalizing the model 
is one of the aspects that cause difficulties to students. 
However, it is intended to formalize knowledge, but what 
is sought is based on a series of paradigms and rules for 
creating a solid foundation on which to work, which can 
be modified when necessary^. 

In this context is the SM which describes, with subtle 
precision and mathematical elegance, all known particles 
and interactions, except gravity. All model predictions 
have been corroborated, however, the Large Hadron Col- 
lider (LHC) is expected to be a new physics or physics 
beyond the SM, in the TeV scale, which can manifest 
itself in two ways: through signals involved in the pro- 
duction of new particles or deviations from SM predic- 
tions. Consequently, a clear understanding of the SM 
and, in general, quantum field theory is of great impor- 
tance for particle physics, this paper shows how to make 
an approach to SM to introduce students quickly in the 
formalism and basic concepts. 



II. REVIEWING SOME BASIC CONCEPTS 



boson. In quantum mechanics fermions or bosons can be 
represented by fields with some intrinsic properties. The 
interaction process is an exchange of energy and momen- 
tum, between fields, governed by laws of conservation of 
intrinsic quantities (e.g., some kind of charge). 



1. Mechanical model 

To explain the interaction between a fermion and a 
boson, we use a mechanical model consisting of two cou- 
pled mass-spring systems. The Lagrangian of the system 
is given by: 
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The kinetic energy of the first oscillator can represent 
a free fermion (e.g., electron), the second oscillator a 
free boson (e.g., electromagnetic field) and potential en- 
ergy, the fermion-boson interaction (e.g., electron in elec- 
tromagnetic field). Note that the interaction is charac- 
terized by a constant (spring constant). Therefore, we 
will always have three classes of Lagrangians: the free 
fermion, the free boson and fermion-boson interaction. 
It is clear that the interaction occurs at a predetermined 
time, called mean-lifetime. 



A. Fermion-boson interaction 



2. Electromagnetic model 



Everything that exists in nature is made of material 
particles (called fermions) which interact, cither because 
they decay or because they respond to a force due to the 
presence of another particle. The decay of a fermion into 
a different one is explained by the action of a third call 
mediator boson. Similarly, the interaction of two parti- 
cles through the fields that originate, can be interpreted 
considering that the two particles exchange a mediator 



In electromagnetic theory, the Lagrangian for a free 
particle of mass m and an free electromagnetic field rep- 
resented for a potential, yt, in vacuum, is written as 
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The introduction of the interaction reduces simply to 
the replacement of ordinary momentum by canonical mo- 
mentum (as is usual in electrodynamics): + 1 y^. 
Substituting we obtain the Lagrangian for a particle in- 
teracting: 



infinitesimal rotations^: 
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3. Quantum-mechanical model 

In the formalism of relativistic quantum mechanics 
a free particle can be represented by a field called 
spinorj^f = '^{x^^). In the continuum, the Lagrangian 
{L = L(q,q)) is replaced by a Lagrangian density (£), 
the generalized coordinates (q) by the fields and the 
generalized velocities {q = dq/dt) by the field gradient 
{df,^ = ^'^/^x^')■. C = £(*,9^1'). For simplicity, in 
what follows, we use natural units where h = 1 and c = I. 
The Lagrangian density for a free particle and an elec- 
tromagnetic field, equivalent to the equation ([T|), fully 
consistent with the principles of quantum mechanics and 
special relativity (w ~ c), is given by: 



-Cfrcc = ^{t-f'^d^ 
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where is defined as = "^^j^ and F^^ = 
The first term is called the Dirac Lagrangian. In order to 
introduce the interaction we replace the ordinary momen- 
tum by canonical momentum — > -|- , where q 
is the coupling constant, which in this case corresponds 
to the charge. In language operator the momentum of 
the particle is given by = —id^, and = —iD^, 
then, the introduction of the interaction for the relativis- 
tic quantum particle interacting with the field, translates 
to replace the normal derivative by the covariant deriva- 
tive in the Lagrangian, — > 9^ — iqA^^: 



^with interaction = -^frec + 
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here, J'^ = (7^1/7^^' is a current satisfying 
indicating that it is a conserved quantity^. 

The interaction terms can be represented by Feynman 
diagrams, we have six possibilities: creation and anni- 
hilation of an electron-positron pair, or absorption of a 
photon by an electron or a positron. 
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It is not difficult to demonstrate that in order to conserve 
the probability the R operator must be unitary, R^R = 
RR^ = I; this is true only if your generator is hermitian 
J = Jt. 

All operators of quantum mechanics can be con- 
structed in the same way and have the form of a rotation 
transformation. Noether's theorem establishes that if an 
action is invariant under a transformation group (sym- 
metry), there are one or more quantities (constants of 
motion) which are associated with these transformations, 
in other words, to each symmetry corresponds a conser- 
vation law^. We see that each operator has a generator, 
and the generators belong to a particular Lie group. The 
commutators of these generators are linear combinations 
that define the group algebra, meaning the commutation 
of two generators of the group produces a third generator 
of the same group; this can be shown using the definition 



C. Local phase invariance 

We can change the phase of all the fields that represent 
the particles (local phase change), — >• ^I/' = e~*''"(^'vl', 
note that a is a function that depends on the coordinates 
a = a{x) and q is the generator. In this case the Dirac 
Lagrangian ceases to be invariant: 

Cd = *(j7^<9p - JTi)* + q^Y'^d^.a [x) . 

We can demand that the Lagrangian is invariant under 
local phase transformation, by removing how the addi- 
tional term that appears. By making the particle to inter- 
act with potential see equation ([3]), the Lagrangian 
is composed of three terms, the Lagrangian particle to 
which is added a term due to the potential and another 
term due to local phase change: 
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We can calibrate the potential in such a way that the 
term of change of phase is cancelled: 



(5) 



B. Quantum operators 

Consider the operator rotation, R, where an infinites- 
imal rotation is defined by R{S0) \^{e)) = \^{e-6e)); 
when we expand the right side in a Taylor series around 
e, we get, R{Se)\^{e)) = {I -iJ6e)\^{0)). where the 
J operator is called the generator of rotations. Con- 
sequently, a rotation is given by an infinite number of 



then 
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We see that this Lagrangian, which represents an inter- 
acting particle with a potential; is invariant under a local 
phase change, if the potential is calibrated The fields 
represented by such calibrated potentials are called gauge 
fields. 
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III. YANG-MILLS FIELDS 

Consider that we have n fields represented by poten- 
tials, (a ~ 1, 2, 3, . . . , n), the covariant derivative 
takes the form: = — iqa^fi and gauge invari- 
ance occurs under the local transformation — >■ = 
g^-iqaa"^ (x) \^ ^ By means of the operator of change of 
phase the representation of the Lie group can be ob- 
tained doing qa ~ gTa, where g corresponds to the 
coupling constant and Ta to the group generators, i.e., 
^ — >■ 5"' = Q-^aTao. (x)^, ^ jj-^ ^]-^jg ^g^y associate a po- 
tential a group represented by its generator Ta- The 
commutators of the generators of a Lie group is a linear 
combination of generators: [Ta,Th] = ifabcT'^, where the 
coefficients of the linear combination fabci are the struc- 
ture constants of the group. By analogy with the electro- 
magnetic field tensor, the field tensor F^^, is defined as 
generalized as: 

iqaF;^, = [D,,D,]. (7) 

Substituting the covariant derivative and commutator of 
the generators of the group is obtained: 

f;, = d^Al -d,Al + gfSAlAl , (8) 

we see that the first two terms of this expression corre- 
spond to a tensor analogous to the electromagnetic field 
and the last term is the fact that generators arc not 
abelian group; this allows to create no-abclians gauge 
theories or Yang-Mills theories^. With the gauge field 
tensor is constructed from Yang-Mills Lagrangian for the 
free field: 

^ = -Ji^;.^r^ (9) 

note its similarity to the free electromagnetic field La- 
grangian ([2]). 

IV. THE STANDARD MODEL 

A. Strong Interaction 

To build the model for the strong interaction wc pro- 
pose a Lagrangian invariant under local gauge transfor- 
mations of the SU{'i)c group, the subscript C indicates 
that the transformations only act on particles with color 
charge. The strong interaction is represented by means 
eight gauge fields for gluons (a = 1, 2, . . . , 8) and each 
of these fields is associated generators Tq — Aa/2, being 
\a the Gcll-Mann matrices: ^ ^f' = e-'f=^°"°(^)5'. 
The coupling constants of the fields with gluons arc 
qa = QsTa- Lie algebra, is obtained with the following 
rule of commutation: [Ta,T}j] = ifab^c where /^j, it is 
the structure constant of the SU (3) group. The covari- 
ant derivative is given by: 



Applying the definition (IZl)(|ll) obtain the tensor field: 
and for the free field Lagrangian © is 

B. Electroweak Interaction 

A very interesting aspect of SM is that the electromag- 
netic interactions and weak interactions are combined 
into a single, so called, electroweak interaction. For elec- 
troweak interactions we propose a Lagrangian invariant 
under local gauge transformations of the SU{2)l^U{1)y 
group, the subscript L means that these transformations 
only act on components of the left chiral fermions and 
Y is the hypercharge quantum number. Electroweak 
interactions are represented by four gauge fields WJ^ 
{i = 1,2,3) and B^. Each of these fields are associated 
generators = ai/2 of the weak isospin group SU{2)l 
and y = IY/2, corresponding to the C/(l)y group, respec- 
tively. Here Ui are the Pauli matrices, / the 2x2 unit 
matrix and Y hypercharge quantum number. The cou- 
pling constants of the flavor change with the electroweak 
field are qi = gTi and q = g'y. The group algebra is given 
by the following commutation rules: [Ti,Tj] = ie^jTk and 
[Ti,y] = 0, where e^^- is the constant of structure of the 
SU (2) group. The covariant derivative is given by: 

= Id, - ig^Wl ~ ig'I^B,. (10) 

Applying again the definition ([7]) © one obtains the ten- 
sor field: 

note that the gauge fields WJj^ are non-abelian Yang-Mills 
fields and gauge field i?^ is a abelian field, because the 
structure constant of the group is zero. For the free field 
(© is 

C^~\w;^Wr~\B,^B'^\ 

Performing the matrix operations indicated in the covari- 
ant derivative ()10p and by means the linear combination 
of the first two components of the gauge field, y W^, 
one can build charged intermediate vector bosons, y 
W-: 

W^ = ^{WlT^W^,), (11) 

and with the mixture of the third component of the gauge 
field, Wj^ with the gauge field B^, the neutral vector bo- 
son is obtained Z° and the boson of the electromagnetic 
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field, A° (photon) (superscript o indicates that it is a 
field with neutral electric charge): 



7° 
A° 
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sin 
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where the mixing angle, called Weinberg angle; which 
is defined by the ratio of the electroweak coupling con- 
stants, tan — g' / g and the value of the electron charge, 
e = gsmOyj = g' cosO^^ which represents the unification 
of the weak field with the electromagnetio^. The hyper- 
charge Y is related to the electric charge Q by the Gell- 
Mann Nishijima relation^: Q = T3 + ^lY , here t^, = 173/2 
it is third generator of the SU{2) group and Y hyper- 
charge quantum number. Substituting these definitions, 
pT|) and p2)) in the covariant derivative ^TU\\ . we obtain: 



where Q ~ h 



=a+W, 
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C. Fermions 

Fields representing fermions can be decomposed into a 
left and right chiral components: = Vf^ -|- '^b., using 
chiral projectors Pl = 5(1 — 7^) and Pr = 5(1 + 7^), 
where *l = Pl* and = -Pr*. 

Fermions, quarks and leptons, are classified into three 
groups called generations. A generation is formed by 
quarks and an leptons with different charges, and gen- 
erations are ordered from the lightest to the heaviest. 
The left component of the leptons is given by a doublet 

= ^ ^ , where i^i = z^e,i'^,z^T- and a = e, //,t; 

for quarks T^i = ^ ^ , where u,; = u,c,t; d[ = Vijdj 

with Vij an element of the Cabibbo-Kobayashi-Maskawa 
(CKM) matrix and dj = d, s, b. The CKM mixing ma- 
trix is due to the fact that weak interaction does not act 
equally on quarks but is divided between them, however, 
the theoretical origin of this mixture has not been deter- 
mined yet. The right component of the leptons is given 
by a singlet: m = em, because in the SM neutrinos are 
massless, they do not have a right chiral component for 
them; while for the quarks Tm = un^^dui. 

To describe the leptons and quarks interacting with the 
weak and electromagnetic fields, we use the Lagrangian 
([T4)). As the left chiral components (^'l) and right (5'i?) 
have different local phase transformations, the generator 
of the left component belongs to the SU{2) group, while 
the right ones only to the U{1) group, the term mass 
77j\I>\I> = m 4- ^f^vl/j^) is not gauge invariant, thus 

is absent in the Lagrangian: 



where covariant derivatives are given by Dl^ = I?^ (|13p 
and Dn,, = - ieQA°^ + i-^Qsin^ Con- 
sequently, the Lagrangian describes only massless lep- 
tons interacting with the weak and electromagnetic fields. 
Performing operations gives: 

+ A^V-YPLe,W; + ^e-7^PiM,Ty- 
--a^{RePR + L,PL)e,Z° 



+ 



2 cos 6, 



where Re = 2sin^ 6,^ and Lg = 2sin^ 9^,-1. Similarly, 
the Lagrangian of the quark sector is given by: 

+^u-ru,A';, - ^d-rd.A';, 

+ J^V,^lMJ^PLd,W+ + ■j=V*d-j^PLU,W- 
cos 0,„ V 2 3 / 
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D. 



Terms of mass 



To generate the mass terms, we use the Higgs mech- 
anism, which starts from the introduction of a doublet 

complex scalar fields $ = ^ ^ • The real part of 

the neutral field can be divided into two components, 
(f>° ^ {h + V + ii]) I \/2, so that when the expected value 

in vacuum is nonzero: ^ "79 ^ ^ ^ ' there is a spon- 
taneous breaking of symmetry (RES) according to the 
scheme SU{2)l (E> U{1)y — > U{1)q where Q is the elec- 
tromagnetic charge^. To generate the mass of the bosons, 
we define the kinetic Lagrangian: 

here is given by (fT3)) . for the ground state ($ 
(<i>)^), the Lagrangian becomes: Cb = M^W^W^'^ + 
^M^Zf^Z^ where, M^, = gv/2, is the W boson mass; 
Mz ~ gv/{2cos0yj), Z boson mass and the A^ boson 
remains massless. This makes the weak interaction a 
short range and long range electromagnetic interaction. 

The leptons and quarks acquire mass through interac- 
tion between fermion fields and the Higgs field which is 
called the Yukawa Lagrangian: 



Cl = ■^L^^YDL^,^^L^ + rHi'' D R,,-^ R,, (14) 
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where $ = ir2$*; mass terms are defined as rriij = 
Xijv/V^. For the ground state ($ (*)o)> t^c La- 
grangian becomes: 
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V. CONCLUSION 

In this paper, using a small number of concepts, we 
have obtained the main Standard Model Lagrangians. 
For brevity, we have omitted some issues such as the 
spontaneous breaking of symmetry, the Higgs mech- 
anism, the Higgs potential, the Faddeev-Popov La- 
grangian and others. However, students can find and 
investigate some supplementary texts. 
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Figure 1. Feynman diagram for L-^ — q'i/^'^^A^ 



Symmetry 


Operator 


Generator 


Conservation law 


Temporary evolution 




H 


Energy 


Translation 




V 


Momentum 


Rotation 




J 


Angular Momentum 


4D Rotation 






4-momentum 


Gauge 




q 


Gharge 



Table I. Some quantum operators, symmetry and conserva- 
tion laws. 



